We investigate single-electron tunneling in hard-wall InAs/InP nanowires in the presence of an offresonant microwave drive. Our heterostructured nanowires include InAs quantum dots (QDs) and exhibit different tunnel-current regimes. In particular, for source-drain bias up to few mV Coulomb diamonds spread with increasing contrast as a function of microwave power and present multiple current-polarity reversals. This behavior can be modeled in terms of multi-photon processes and presents features that depend on the type of QD orbitals involved in the tunneling process and on the relevant virtual states in the leads.
INTRODUCTION
Single electron transistors based on semiconductor quantum dots (QDs) are flexible solid-state components characterized by extensive control of charge, orbital and spin degrees of freedom. Electron wavefuctions depend on the shape and size of the system and, for instance, in the case of high aspect ratio semiconducting QDs, lowest lying states have dominant radial character while an axial component can well characterize their excited states [1] [2] [3] . Orbital properties, in turn, determine the tunneling current and more in general the QD response to external stimuli. Bottom-up grown InAs nanowires (NWs) recently emerged as a reliable platform to produce single [3] [4] [5] [6] and double [7, 8] QDs with strong electron confinement. Typically, the separation of their energy levels can be controlled between few tenths to tens of meV during growth [9] , while further tuning of NW QD energy levels can be obtained by (multi) gating [5] . Heterostructured InAs/InP NW QDs are characterized by hard-wall confinement potential and large single-particle energy spacing with Coulomb and Pauli blockade detectable up 50 and 10 K, respectively [5, 8] . Thanks to their large spinorbit coupling, InAs NW QDs were proposed as spin qubits with electric control of the spin degree of freedom [10, 11] .
QDs coupled to microwaves (MW) for spintronics and quantum technologies were also reported [12] [13] [14] [15] [16] [17] . When the photon energyhω matches the level spacing, coherent and/or resonant phenomena may occur and NW QDs may function either as single-atom maser sources [18] [19] [20] or as photon detectors in the MW range [21] . Nonresonant MW excitation may assist tunneling process thus affecting the charge transport characteristics, as observed on other semiconductor quantum well [22] and QD systems: effects of electromagnetic radiation on Coulomb blockade peaks were reported for electrostatically defined GaAs QDs [23] [24] [25] and single-walled carbon nanotubes [26, 27] . The lifting of Coulomb blockade in the presence of MW radiation can be described in terms of photonassisted tunneling (PAT) [28] that, in the quantum limit (hω > k B T ), gives rise to inelastic single-electron tunneling [29] . In the multi-photon regime, both virtual states in the electrodes and excited states within the QD can contribute to assist tunneling process [24] . This situation was not explored so far in heterostructured InAs/InP NW QDs despite their significant technological potential.
Here, we first identify contributions of different electron wavefunctions to the stability diagram of InAs/InP NW QDs; we then study Coulomb-blockade lifting in the presence of an off-resonant MW drive. We find that MW effects exhibit a power threshold and, under suitable conditions, current polarity reversal can be observed. Our results show that MW assisted tunneling is a multiphoton process that depends on the QD electronic orbital and on the lead virtual states involved.
RESULTS

Quantum Dot Characterization
In order to characterize the NW QD devices we first measured the dc current (I SD ) as a function of voltage bias (V SD ) and gate (V G ). The stability diagram of the NW QD measured at T = 2 K presents a typical Coulomb-diamond structure ( Fig. 1(c) ). The addition energy of the N -th electron in the QD can be estimated in the framework of the constant interaction model [31] :
where E k is the energy of the first available QD level, C is the capacitance of the QD, V G indicates the voltage bias applied simultaneously to both side gates G1 and G2, and c is a constant. The lever arm α is a geometry-dependent parameter that accounts for the effect of gate voltage on QD levels. It can be obtained from the diamond boundary slopes m 1 and m 2 as 1/α = 1/m 1 − 1/m 2 . Data in mV/V and a charging energy e 2 C = 9 ± 2 meV. This split of the energy levels in our QD well matches values obtained for hard-wall InAs/InP NW QDs (ca. 10 meV) having similar geometry and stronger axial confinement along the growth direction of the NW [5, 9] . Figure 1 (c) (top panel) reports the experimental I SD as a function of V G at 2K and constant V SD = 1 mV. Log-scale data clearly show two sets of current peaks having different maxima separated by a threshold V G =1 V value. Within the shell-filling model [1] [2] [3] , owing to the radial symmetry of the QD, lower energy states can be characterized by two quantum numbers (n R , n L ) corresponding to radial and longitudinal components, respectively. Within this picture, we can safely link current peaks at V G < 1 V to conduction through states (n R , n L ) with variable n R and fixed n L quantum numbers, while when V G > 1 V the involved states have quantum numbers (n R , n L + 1) [32] . The population of an excited mode along the axial direction of the NW actually leads to a larger longitudinal momentum and consequently to higher peak currents ( 1 nA). These differences affect A drastic increase of the current is observed for |VSD| > 1 mV. The schematic energy diagrams show the configuration of the electrochemical potentials of ground ( ) and first excited ( ) states on the corresponding place in the stability diagram: by increasing the bias window the excited states become accessible and contribute to the tunneling process [30] . Here the energy difference − 1 meV significantly smaller with respect to the QD's typical energies (∼ 10 meV) as well as the strong current increase suggest that a state with excited longitudinal quantum number is involved, which is consistent with the position of the considered peak, i.e. close to the threshold VG = 1 V. (b) Quantum confinement along the radial directions (x, y) and the longitudinal one (z) is archived thanks to the sharpness of the potential profile determined by the heterostructure: the states in the confined region can be modeled as the ones of a particle in a box and characterized by radial and axial quantum numbers nR and nL respectively. (c) Example of two states of a one dimensional well, corresponding to different nL. Each of these corresponds a manifold of states having different nR.
the tunneling rate (Γ) that can be estimated by considering the Fermi-Dirac occupation of the source and drain leads at T = 2 K (Supporting Information). By fitting the I SD (V SD ) peaks, we obtain Γ = 1 GHz for V G = 0.86 V, while for V G > 1 V we estimate Γ ≈ 10 GHz. These numbers are consistent with what previously observed in similar QD devices [5] .
In the following we shall focus on two Coulomb peaks at V G1 = 1.30 V and V G2 = 0.86 V that are representative of the two regimes. The detailed map of the stability diagram at V G close to V G2 is shown in Fig. 2 . The diamond exhibits two different slopes (m 1 = −215 mV/V and m 2 = 260 mV/V) that correspond to slightly asymmetric lever arms for source and drain leads. Figure 2 also shows a sudden increase of the current for increasing bias. Since V G2 is close to the threshold value V G = 1 V, the Coulomb peak at V G2 involves two states with different longitudinal momenta, thus different quantum numbers n L , and different energies. We can reasonably assume that the lower state is located at the top of the first manifold with quantum number n L , while the excited state belongs to the second manifold with quantum number n L+1 . Their separation ∆E k = − 1 meV depends on the exact size of the device (see sketch of energy diagrams in Fig. 2 ).
Microwave Assisted Transport
In order to study the effect of the microwaves on the transport properties of InAs/InP NW QDs, current measurements were performed in the presence of a monochromatic wave (ω 0 /2π = 9.815 GHz). We initially focused on the Coulomb peak at V G1 = 1.30 V to investigate the I SD -vs-V G characteristics by varying the microwave power ( Fig. 3(a,b) ). As a general observation, the presence of an intense MW drive leads to amplification of the tunnel current and, as expected, this is particularly evident close to V SD = 0. No effect on electron transport was detected for P inc < −55 dBm, while MW impact increased more than linearly with increasing MW power. For P inc > −45 dBm a sign reversal of I SD and the broadening of the Coulomb peak were visible. In particular, a negative current peak appears for V G > 1.30 V even with V SD > 0. Such trends were found for all Coulombblockade peaks investigated.
In the case of the Coulomb peak at V G2 = 0.86 V (Fig. 3(c,d) ), an additional dip with I SD < 0 (i.e. current polarity reversal) is present in the intermediate power range (−50 < P inc < −38 dBm) and steps appear in the I SD characteristics for P inc > −38 dBm. In order to further investigate this point, we mapped I SD as a function of V SD and V G under constant MW power. Figure 4(a-c) shows the modification of the Coulomb diamond with increasing P inc . For P inc = −36.5 dBm two current peaks are visible in panel (c). This effect is enhanced for high power (panel (d) ), where the two peaks broaden and merge. Figure 4 (e) shows this evolution for selected curves at different powers. The additional dip in Fig. 3 (c,d) for -50 dBm < P inc < -38 dBm can thus be related to the evolution of the diamond shape as a function of the MW power, which gives rise to multiple reversal of the current in the I SD (V G ) characteristics for
In hard-wall InAs/InP NW QDs Coulomb blockade persists up to T ≈ 50 K [5] , thus the effect of the MW field on the transport characteristics can be tested at intermediate cryogenic temperature. At 8 K the Coulomb peaks are much broader, yet the reversal of I SD is still visible for large power levels (See Supporting Information). The comparison between 2 and 8 K data shows that the effect of the temperature on the I SD (V G ) characteristics is qualitatively different from that of the microwave drive, ruling out the possibility that the observed behavior is simply due to heating.
DISCUSSION
In our NW QDs the separation between the energy levels of the QD (∼ 10 meV) is orders of magnitude larger than the energy of the fundamental mode of the resonator (hω 0 ≈ 40 µeV). This implies that the observed effects (broadening of the Coulomb peak and reversal of the tunneling current) are not related to resonant transitions between single-particle energy levels. Further tests with different microwaves frequencies confirm that, aside from a reduction of the incident power that is expected as a consequence of the lower transmission for ω = ω 0 , no significant frequency dependence was observed. On the other hand, the effects of MW are evident for finite intensity of applied electromagnetic radiation, suggesting that multi-photon processes occur in our experimental conditions. In the many-photon regime and for k B T >hω 0 , the microwave mode can be treated as a classical electromagnetic field whose effective potential V AC induces a broadening of the electrodes energy levels [23, 24, 26, 27] . Thus, if we simply add V AC to the bias voltage V SD , we can estimate the I SD (V G ) characteristics by averaging the current over the V SD ±V AC interval for each V G value [26, 27] . This simulation can be performed with different values of V AC to reproduce the effect of P inc . Fig. 4(j) shows the results we obtained starting from the data in Fig 4(a) . This simulation reproduces the main features of the experimental I SD (V G ) curves, in particular current amplification, peak broadening and one current reversal for increasing P inc values.
More quantitatively we can estimate the effective coupling (λ) between the voltage fluctuations of the YBCO resonator (V AC ) and the oscillation of the potential in the NW lead, V lead AC = λV AC by following Ref [27] . At V SD = 0, and for a given V G , the current flows when V lead AC matches the equivalent value of |V SD | that would lift the Coulomb blockade. Therefore the width of the peak results ∆V G = 2λV AC min (|m 1 | , |m 2 |), where m 1 and m 2 are the slopes of the diamond edges. λ = 2.45 × 10 −3 can be estimated from the power dependence of the width of the Coulomb peaks in Fig. 3 . Within the framework of this classical model, the reversal of current polarity emerges as a result of the asymmetry of the Coulomb diamonds. Yet, a multiple reversal of current polarity, as shown in Fig. 3 demands a more complex scenario. Here it is worth noting that the double current-polarity reversal also shown in Fig. 4 (e) was observed in coincidence with composite Coulomb diamond (Fig. 2) .
Kouwenhoven et al. [24] analyzed the process of microwave-assisted tunneling with spectroscopic resolution and suggested a model in which excited QD states contribute to tunneling. We may account for this mechanism at a phenomenological level and grasp the main features of the DC stability diagram by assuming I SD ∝ Γ ef f V SD , where Γ ef f is an effective tunneling rate. We account for the presence of an excited state with slopes m 1 and m 2 and effective tunneling rate Γ ef f = 10Γ ef f 10 GHz (Fig. 4(f) ). In this way, we simulated the effect of the microwave field by averaging the I SD (V G ) characteristics as reported above for the whole stability diagram. Figure 4(g-i) reports our results for values of V AC related to the different P inc levels used in the experiment. The outcome of the simulations (Fig. 4) well reproduces the main features of experimental data. This phenomenological description evidences how the current reversal emerges as a result of the asymmetry between m 1 and m 2 , and, more specifically, multiple (double) current reversal is related to the presence of excited states.
In conclusion, we have investigated the influence of MW radiation on the transport characteristics of InAs/InP nanowire QDS and found that above a threshold power the MW field induces a broadening of the current peak and current-polarity reversal. These effects are relevant for multi-photon assisted tunneling processes and reflect the natures of QD excited states. The suitable choice of the working point, as well as of the electron wavefunction, enables one to control the tunnel current in highly confined NW-based QD systems under external MW excitation.
EXPERIMENTAL METHODS
InAs nanowires with hexagonal section and 45 ± 5 nm diameter were grown by metal-assisted chemical beam epitaxy [5, 6] . By changing the precursor during growth, two 5±1 nm layers of InP separated by 20±1 nm of InAs were obtained. These InP layers act as tunneling barriers and define the InAs QD in the NW (inset in Fig. 1(b) ).
After growth NWs were detached from the InAs substrate by sonication in isopropyl alcohol and drop cast onto a sapphire substrate where a superconducting cavity had been previously realized (see further ahead for details). Ohmic contacts were formed by using aligned e-beam lithography followed by a chemical passivation step based on a NH 4 S x solution and thermal evaporation of Au(100 nm)/Ti(10 nm). Devices were finally wired to external dc lines. Additionally, two local gate electrodes (green, G1 and G2, visible in Fig. 1(b) ) were fabricated in correspondence to the InAs/InP QD position. The two nanogates are placed in the middle of the gap between S and D at approximately 400 nm distance from the NW-QD, allowing us to control the electron filling in the QD (Fig. 1(b,c) ).
In order to optimise MW coupling, NW QD devices were fabricated in correspondence of the antinodes of the fundamental mode of the resonator (Fig. 1(a) ). Each device comprises two NW QDs, thus four QD devices can be individually tested for each chip. In this work we report results obtained on one of our devices, positioned at 65 µm from the antenna tip ( Fig. 1(b) ). The half-wavelength coplanar resonator was realized out of a 8 × 5 mm YBCO/sapphire film and presents a 6 mm-long central strip that gives rise to a fundamental mode with resonance frequency ω 0 /2π = 9.815 GHz ( Fig. 1(a) , see Supporting Information for cavity characterization). The total capacitance of the resonator can be estimated as C = 0.6 pF [33] . The root mean square voltage due to zero-point voltage fluctuations is V
ZP F AC
= hω 0 /2C ≈ 2.3 µV [34] . In the presence of a microwave drive at frequency ω 0 , the amplitude of the voltage fluctuation on the resonator is estimated between 0.07 and 2 V for the range of incident power levels (P inc ) used in the reported measurements. The power is estimated at the input of the resonator, feedline attenuation was taken into account. 
SUPPORTING INFORMATION I. Fabrication of the device and experimental details
The half-wavelength coplanar resonator is capacitively coupled through 140 µm wide gaps to the coplanar launchers located on the short sides of the chip that, in turns, connect the resonator to the external feedlines. The NW QD devices are fabricated in correspondence of the electric antinodes of the coplanar resonator, where two tips connected to the central strip are designed to work as "antenna", in order to extend and enhance the microwave field in correspondence to the NW QD device (Fig. 5) .
The superconducting coplanar resonator has been fabricated by optical lithography starting from commercial (Ceraco GmbH) Au(200 nm)/YBCO(330 nm)/sapphire(430 µm) multilayer films. Excess Au and YBCO regions were etched by argon plasma in a reactive ion etching (RIE) chamber. In this process, gold pads film were defined on top of the YBCO film to serve as wire bonding spots and used to link the coplanar launchers to the external feedlines or for grounding connections. Additional leads and pads (eight per each slot) for dc measurements were fabricated by lift-off of thermally evaporated Au(100 nm)/Ti(10 nm)/sapphire films.
Electrical characterisation and measurements under MW were performed down to 2 K in a Quantum Design PPMS by means of a low temperature probe wired with 16 dc filtered lines and 2 coaxial cables. The microwave and dc lines of the hybrid device have been wire bonded to a gold-plated printed-circuit board enclosed in a copper box. A stage of attenuators was inserted at low temperature to suppress the heat radiated from room temperature components. Continuous wave microwave tones were generated by a fixed-frequency microwave source while transmission spectra were measured by means of a vector network analyser. dc current signals were acquired by means of a transconductance preamplifier with gain in the 10 7 − 10 9 range.
II. Characterisation of components
The transmission spectrum shown in Fig. 6 shows the fundamental mode of the YBCO/sapphire coplanar resonator with resonance frequency ν 0 = 9.815 GHz. Typical quality factor of our bare YBCO resonators are of the order of 10 4 , while the loaded quality factor, as measured for the resonator in the configuration of the hybrid device including metal contacts, is Q L = 1535. The insertion loss is IL = 25 dB. To estimate the average photon population in the fundamental mode (n) we use the conventional formula n = 1 πhν 2 0 P inc Q10 −IL/20 (Ref. [35] ).
For the typical P inc values used in our experiment we estimate a number of photons in the 10 9 − 10 12 range.
III. Tunneling rate
The total tunneling rate of the device (Γ tot ) was determined by fitting the peak at V G =0.86 V in the low bias limit with the equation [36] :
Where α is the lever arm of the gates, V is the position of the peak and e, h and k B are the elementary charge, the Planck and the Boltzmann constants respectively. For different current peaks the tunneling rate was simply estimated by the maximum value of the current at fixed bias. 
IV. Additional transport measurements
Additional current maps taken at 8 K in the presence and without microwaves are shown in Fig. 8 . The main features reported in the main text (in particular the shift of the negative current regions that corresponds to a current inversion) are still visible despite the broadening of the current peaks due to the higher temperature.
